Abstract Members of the Chenopodiaceae are the most dominant elements in the central Asian desert. The different genera and species within this family are common in desert vegetation types. Should it prove possible to link pollen types in this family to specific desert vegetation, it would be feasible to trace vegetation successions in the geological past. Nevertheless, the morphological similarity of pollen grains in the Chenopodiaceae rarely permits identification at the generic level. Although some pollen classifications of Chenopodiaceae have been proposed, none of them tried to link pollen types to specific desert vegetation types in order to explore their ecological significance. Based on the pollen morphological characters of 13 genera and 24 species within the Chenopodiaceae of eastern central Asia, we provide a new pollen classification of this family with six pollen types and link them to those plant communities dominated by Chenopodiaceae, for example, temperate dwarf semi-arboreal desert (Haloxylon type), temperate succulent halophytic dwarf semi-shrubby desert (Suaeda, Kalidium, and Atriplex types), temperate annual graminoid desert (Kalidium type), temperate semi-shrubby and dwarf semi-shrubby desert (Kalidium, Iljini, and Haloxylon types), and alpine cushion dwarf semi-shrubby desert (Krascheninnikovia type). These findings represent a new approach for detecting specific desert vegetation types and deciphering ecosystem evolution in eastern central Asia.
Introduction
Members of the Chenopodiaceae are widely distributed in the steppe, desert, and saline-alkaline areas in southern Africa, Central Asia, South America, and Oceania, and along the coast of the Mediterranean, Caspian, and Red seas (Pan, 1993; Kadereit et al., 2004; Perveen & Qaiser, 2012; Punsalpaamuu et al., 2012) . The genera and species within this family are plentiful in different desert vegetation types of eastern arid central Asia (ACA) (Kong et al., 1978; Wu, 1980; Zhu, 1996; Zhang, 2007; Zhang et al., 2016) . Should it prove possible to link pollen types in the Chenopodiaceae to specific desert vegetation types, this would open up the possibility of tracing the vegetation successions of desert regions in the geological past.
Palynologists have been interested in exploring the pollen ecological significance of Chenopodiaceae, for example, palaeoecologists usually apply the pollen ratio of Chenopodiaceae/Artemisia for interpreting aridity in arid and semi-arid regions (e.g., El-Moslimany, 1990; Gasse et al., 1991; RossignolStrick, 1995; Zhao et al., 2012) . However, the pollen morphological similarities of Chenopodiaceae, for example, pollen radially symmetrical, apolar pantoporate, or spheroidal (Hao et al., 1989; Pan, 1993; Hamdi et al., 2009; Perveen & Qaiser, 2012; Punsalpaamuu et al., 2012) rarely permit generic differentiation under light microscopy (LM) or even scanning electron microscopy (SEM), which prevents us from further exploring their ecological significance.
Differentiating pollen types might provide a possibility to improve the taxonomic resolution of the Chenopodiaceae in order to achieve this aim. In the past, Hao et al. (1989) proposed a subdivision of Chinese Chenopodiaceae into five types (Salicornia europaea type, Ceratoides latens type, Salsola collina type, Anabasis type, and Chenopodium album type) based on pollen grain size, pore number, number of microechinae on pore membrane, the density of spinules, and pore edge shape. Pan (1993) classified the Chenopodiaceae (in Xinjiang, China) into four pollen types: (i) type I (pore diameter >3 mm); (ii) type II (pore diameter 2-3 mm, pollen grain diameter >25 mm); (iii) type III (pore diameter 2-3 mm, pollen grain diameter <25 mm); and (iv) type IV (pore diameter <2 mm). Perveen & Qaiser (2012) divided this family into four pollen types based on apertural numbers and exine ornamentation, viz., Arthrocnemum indicum type (pores small and numerous, pollen grain diameter >47 mm), Atriplex stocksii type (pores small and numerous, pollen <47 mm in diameter, tectum densely scabrate), Chenopodium album type (pores small and numerous, pollen grain diameter <47 mm, tectum sparsely scabrate to spinulose), and Haloxylon persicum type (pores large and fewer). Moreover, some investigators tried to recognize the species in certain genera, for example, Chenopodium (Pinar & Inceoglu, 1999) , Salsola (Toderich et al., 2010; Malih, 2012) , Atriplex (Frankton & Bassett, 1970; Flores Olvera et al., 2006) , Suaeda (Dehghani & Akhani, 2009) , and Salicornia (Mudie et al., 2005) . Some classifications of Chenopodium (Pinar & Inceoglu, 1999) and Salsola (Toderich et al., 2010; Malih, 2012) were proposed based on pollen grain size and spinules on the pore membrane. Nevertheless, none of the above pollen classifications in Chenopodiaceae aimed to link pollen types to specific desert vegetation in order to explore their ecological significance.
Here we attempt to: (i) provide a new pollen classification of Chenopodiaceae to improve the resolution and accuracy of pollen identification in the eastern ACA; (ii) link specific pollen types to temperate desert vegetation types; and (iii) plot distribution maps of each pollen type in the Chenopodiaceae to understand the distribution patterns of these dominant plants in the eastern ACA. This work, together with the survey on pollen morphology in the eastern ACA (Lu et al., 2018a (Lu et al., , 2018b will not only provide a sound basis for the accurate identification of modern and subfossil pollen grains, but also act as a cornerstone for further interpretation of the pollen records in the geological past.
Material and Methods
In this project, we investigated the pollen morphological characters of 13 genera and 24 species of the Chenopodiaceae, which are dominant elements in the desert vegetation of the eastern ACA, and selected from the "Vegetation Map of China and its Geographic Pattern: Illustration of the Vegetation Map of the People's Republic of China (1:1 000 000)" (Zhang, 2007;  Table S1 ). The Chenopodiaceae pollen grains (Table S2) were collected from voucher specimens at the PE Herbarium, Institute of Botany (Beijing, China), Chinese Academy of Sciences. The pollen samples were acetolyzed by the standard method (Erdtman, 1960) . The pollen grains were observed and photographed under LM at a magnification of Â1000 and SEM (Hitachi S-4800, Institute of Botany Beijing, China) at an accelerating voltage of 30 kV.
The pollen morphological terminology followed the overviews of Hesse et al. (2009) and Punt et al. (2007) . The pollen data such as pore number, pore diameter, and pore membrane ornamentation were recorded by measuring 20 pollen grains per species (Table S3) . Hierarchical cluster analysis (using normalization to the respective maximum peak) was applied for classifying pollen types by SPSS 22.0 (IBM, New York, USA). For hierarchical cluster analysis, Euclidean distance and Ward's algorithm were used. The distribution maps were plotted using Google Maps and the species distribution data at the county level supplied by the Chinese Virtual Herbarium (http://www.cvh.ac.cn/). The images of the parent plants and their habitats in the illustrations were derived from the Plant Photo Bank of China (http://www.plantphoto.cn/) and field investigations.
Results

Pollen morphology of Chenopodiaceae and geographical distributions
Here we describe the Chenopodiaceae pollen morphology (Figs. 1-5), covering 13 genera and 24 species of dominant desert plants in the eastern ACA. The pollen data of morphological traits and detailed descriptions are to be found in Table S3 and Appendix S1, respectively (some of these were cited from Lu et al., 2018b) . The geographical distribution maps of all the species in China are provided in Figs. S1-S3.
Pollen classification of Chenopodiaceae in the eastern ACA desert
Hierarchical cluster analysis revealed that the pollen grains of Chenopodiaceae are divided into two major groups (A and B) based on pore membrane ornamentation (isolated microechini or spines vs. "islands" of fused microechini) and pore number (pores 10-35 vs. pores 35-55) (Fig. 6 ). Group A with 10-35 pores includes two subsidiary groups (A 1 and A 2 ) based on the pore membrane with isolated microechini or spines.
Group A 1 with isolated spines on the pore membrane contains two further groups (A 1-1 and A 1-2 ) based on pore diameter. Group A 1-1 with a pore diameter of ca. 1.0-3.5 mm covers Kalidium caspicum (L.) Ung.-Sternb. (Figs. 1A-1E ), Kalidium cuspidatum (Ung.-Sternb.) Grubov (Figs. 1F-1J The A 2 group with microechini on the pore membrane is divided into two subsidiary groups based on pore number and the density of microechini on the pore membrane. One of these groups (A 2-1 ) with 10-25 pores and a pore membrane with dense microechini includes Sympegma regelii Bunge The B group with 35-55 pores and a pore membrane with "islands" of fused microechini is further divided into two groups (B 1 and B 2 ) based on pore diameter and the density of microechini on the pore membrane. The B 1 group with a pore diameter of ca. 1.5-2.5 mm and a pore membrane with sparse microechini includes Krascheninnikovia ceratoides (L.) Gueldenst. (Figs. 4U-4Y ) and Krascheninnikovia compacta (Losinsk.) Grubov (Figs. 5A-5E ). The B 2 group with a pore diameter of ca. 1.0-1.5 mm and a pore membrane with sparse microechini contains Suaeda dendroides (C.A.Mey.) Moq. (Figs. 5F-5J) , Suaeda microphylla Pall. (Figs. 5K-5O) , and Suaeda physophora Pall. (Figs. 5P-5T ). (Hao et al., 1989; Perveen & Qaiser, 2012; Lu et al., 2018a Lu et al., , 2018b . The morphological features of Chenopodiaceae rarely permit species-level or genus-level differentiation under LM (Pan, 1993 In previous work, pollen size was used as a criterion to differentiate pollen types (Hao et al., 1989; Perveen & Qaiser, 2012) . However, pollen size is excluded in our new Chenopodiaceae pollen classification, as Pan (1993) pointed out that it could be influenced by humidity in different habitats. Six pollen types are detected by their unique micromorphological feature combinations in our new classification (see the Key). For example, the pollen grains of Krascheninnikovia type bear dense and small pores (Figs. 4X, 5D) , and a pore membrane with "islands" of fused microechini (Figs. 4Y, 5E ). The pollen grains of the Suaeda type are similar to the Krascheninnikovia type, but produce more pores, have smaller pore diameters (Figs. 4Y,  5E ), and pore membranes with "islands" of less fused microechini (Figs. 5I, 5N, 5S ). Only the Kalidium type (Figs. 1E, 1J , 1O, 1T, 1Y, 2T, 2Y, 3E, 3J, 3O, 3T, 3Y) and Iljinia type (Figs. 3Y, 4E ) have spines on the pore membrane; moreover, the pore diameter of Iljinia type is often >3.5 mm. In the Haloxylon type, the pollen grains have pore membranes with dense microechini (Figs. 4J, 4O, 4T ) and fewer than 25 pores (Figs. 4I, 4N, 4S ). The Atriplex type is similar to the Haloxylon type, with pore membranes having sparse microechini (Figs. 2E, 2J, 2O ) and numerous pores (25-35) with a small diameter (Figs. 2D, 2I, 2N ).
Linking
Chenopodiaceae pollen types to desert vegetation types in the eastern ACA Four desert vegetation types in the eastern ACA desert, that is, temperate shrubby steppe desert, shrubby desert, temperate semi-shrubby and dwarf semi-shrubby desert, and alpine cushion dwarf semi-shrubby desert (Zhang, 2007) , could be recognized by their pollen assemblages (Lu et al., 2018a) . Unfortunately, it proved impossible to recognize the other plant communities (Zhang, 2007) , such as temperate dwarf semi-arboreal desert, temperate succulent halophytic dwarf semi-shrubby desert, and temperate annual graminoid desert, because these were dominated by Chenopodiaceae.
The new pollen classification of the Chenopodiaceae opens up the possibility of linking those pollen types to these three desert vegetation types: temperate dwarf semi-arboreal desert (Haloxylon type), temperate succulent halophytic dwarf semi-shrubby desert (Suaeda, Kalidium, and Atriplex types), temperate annual graminoid desert (Kalidium type). At the same time, this pollen classification could also be used to distinguish temperate semi-shrubby and dwarf semi-shrubby desert (Kalidium, Iljinia, and Haloxylon types) and alpine cushion dwarf semi-shrubby desert (Krascheninnikovia type).
Indeed we should acknowledge that this work, together with our last publication on pollen spectrum (Lu et al., 2018a (Lu et al., , 2018b , provide a possibility to associate pollen assemblages with specific desert vegetation types in eastern ACA, which is a preliminary "test-run" brought forth for others to try out and confirm. (Figs. S4A-S4C) .
Principal component analysis (PCA; Ter Braak & Smilauer, 2012) reveals the relationship between different environmental factors and geographical distribution of desert vegetation types in the eastern ACA. The relationship between environmental factors and geographical distribution is represented by a 2-D ordination map of "Environment-Sample plot" (Fig. S4A) . In order to intuitively express the ecological range of each vegetation type, we intercepted the projection length of each vegetation type on PCA1 and PCA2 in the PCA map, and made a conceptual map of the ecological amplitude of all major vegetation types (Figs. S4B, S4C) .
The temperate deciduous arboreal desert ( Fig. S4B-1 ) is often distributed in a dry and hot habitat, with water mainly supplied by seasonal floods. Temperate dwarf semi-arboreal desert (e.g., Haloxylon forest) (Fig. S4B-2) and temperate shrubby steppe desert (Fig. S4B-4) are mainly distributed in areas with relatively more precipitation and cooler temperatures. In water gradients, the geographical distribution of temperate shrubby desert (Fig. S4B-3) , temperate semi-shrubby and dwarf semishrubby desert (Fig. S4B-5) , and temperate succulent halophytic dwarf semi-shrubby desert (Fig. S4B-6 ) largely overlap, while the atmospheric moisture has no obvious selective effect on their geographical distributions. On the temperature gradient, temperate semi-shrubby and dwarf semi-shrubby desert (Fig. S4C-5 ) usually grows in cooler habitats, and are followed by temperate succulent halophytic dwarf semi-shrubby desert (Fig. S4C-6 ). By comparison, temperate shrubby desert (Fig. S4C-3 ) occupies a hotter environment. Temperate annual graminoid desert (Fig. S4C-7 ) occurs in dry and hot habitats, mainly in the overflow zone at the lower margin of the alluvial fans in the desert.
While plotting the six Chenopodiaceae pollen types onto maps of the eastern ACA, we noticed that they show some mosaic patterns (Fig. 8) , which might be a reflection of the distribution of their parent plants. (Zhang, 2007) . Map source: National Fundamental Geographic Information System (http://nfgis.nsdi.gov.cn/nfgis/Chinese/c_xz.htm). Map source: National Fundamental Geographic Information System (http://nfgis.nsdi.gov.cn/nfgis/Chinese/c_xz.htm). Fig. S4 . Community ordination map of east-west desert transect in arid central Asia. Table S1 . Dominant and constructive species within Chenopodiaceae in five temperate desert vegetation types in NW China, eastern arid central Asia. Table S2 . List of the voucher specimens in PE Herbarium, Beijing China, Institute of Botany, Chinese Academy of Sciences. Table S3 . Pollen morphological characters of 24 dominant and constructive species, 13 genera within Chenopodiaceae in NW China, eastern arid central Asia.
